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PREFACE 
Meaning of Symbols 
A - cross-sectional area of tunnel 
CD - coefficient of drag of double Venturi, dimensionless 
D - drag of double Venturi, pounds 
P - temperature in degrees Fahrenheit 
HP - horsepower 
h - total head pressure increment, above or below atmos-
pheric pressure, pounds per sq. foot 
Krp - ratio of primary and secondary Venturi throats, 
dimensionless 
0 - distance, exit of primary Venturi to throat of 
secondary Venturi, - upstream, + downstream, 
percentage of tunnel height (see page 27) 
p - static pressure increment, above or below atmos-
pheric pressure, pounds per sq* foot 
q - dynamic pressure, pounds per sq. foot 
R - temperature in degrees Rankine 
SG - specific gravity 
T - temperature, degrees 
V - velocity, feet per second 
Sy- deflection of secondary Venturi 
f?- mass density, slugs per cubic foot 
Superscripts 
()T - pressure as a column height on the manometer 
Subscripts 
()Q - upstream of the double Yenturi in the model tunnel 
(>! - test section, primary Yenturi 
()2 - exit of primary Yenturi 
()^ - throat of secondary Yenturi 
( ) . -* downstream of the double Yenturi in the model tunnel 
0 . - atmospheric 
() - sonic conditions s 
fL f i n - required 
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AN INVESTIGATION OF THE 
DOUBLE VEMTCJRI *TIB TUNNEL 
SUMMARY 
In a thesis submitted by Alfred Hitter, titled "A 
Study of the Double Venturi Principle in its Application to 
High Speed Wind Tunnels", it was determined that this device 
could successfully be used to obtain a velocity increase in 
the neighborhood of 4 or 5 times that in the unaltered tun-
nel over a small part of its area. There was one objection-
al characteristic, however, and that was the length of the 
double Venturi due solely to the diffuser angle of the sec-
ondary Venturi* This investigation, intended as a continu-
ation of Hitter's work, determines the maximum diffuser angle 
without exoessive loss of energy due to separation. In addi-
tion, an attempt has been macle to find the optimum configura-
tion, i. e. relation of throat diameters, location of throats, 
shape of Venturis, etc. 
The final data is presented in such a manner that the 
wind tunnel engineer, knowing the available horsepower for 
his tunnel, may calculate the additional power required for 




With the introduction of the new, more powerful methods 
of propulsion of aircraft, maximum speeds have steadily risen. 
The present maximum velocity for high speed military aircraft 
is slightly lower and, in extreme cases, slightly higher than 
a Mach number of unity. With this metamorphosis of aircraft 
characteristics, many wind tunnels have become obsolete or at 
the best, suitable only for limited cases* 
The construction and operation of a high speed wind 
tunnel has been prohibitive in cost for most education in-
stitutions and research centers, which have consequently been 
limited in their scope of research. In view of these facts it 
has become increasingly desi:?able to obtain a high velocity, 
small test section wind tunnel at a comparatively low cost. 
Various types and methods have been used. The blow-
down and indraft principle has been used extensively. The 
blowdown tunnel exhausts compressed air through a properly 
designed test section, whereas the indraft uses a large 
1 2 evacuated tank to "suck11 the air through the test section. • 
The test runs are intermittent with a duration of only 20 to 
60 seconds, depending on the size of the storage tank. 
T3onney, E. Arthur, Engineering Supersonic Aerodynamics, 
New York: McGraw-Hill Book Co., 1950, p. 200 
2Pope, Alan Y., Aerodynamics of Supersonic Flight. New 
York: Pitman Publishing Corp., 1950, pp. 107-109 
3 
The national Advisory Committee for Aeronautics at 
Langley Field, Virginia, successfully created high veloci-
ties "by using the inductive action of compressed air ex-
3 
hausted through a narrow annular gap. The annular nozzle 
was mounted aft of an eleven inch test section and com-
pressed air (50-90 psi) was discharged on the downstream 
side. This high velocity, low pressure annular jet in-
duced a uniform flow of air through the test section. 
This same principle could be adapted to a system of 
Venturis. Two Venturis would he necessary, one of which is 
larger than the other. The larger plays the part of the 
annular nozzle* The exit cone of the smaller (primary) Ven-
turi exhausts into the low pressure, high velocity region of 
the larger (secondary) Venturis This induces an even higher 
velocity in the throat of the primary Venturi than would ex-
ist if it were in the air stream by itself. This combination 
is then placed in the test section of the wind tunnel with a 
consequent high velocity, small area, test section in contrast 
to the relatively large area, low velocity test section of the 
unaltered tunnel. 
The increase in velocity is not obtained without pay-
ment existing in the form of an increase in power necessary 
3 
Stack, John, "The NACA High Speed Wind Tunnel and Tests 
of Six Propeller Sections'1, National Advisory Committee for 
Aeronautics Technical Report No. 463. 1933 
4 
to drive the air through the tunnel. This increase in 
power is due to three types of drag: form, skin fric-
4 
tion, and separation. Hunsaker and Eightmire state that 
the losses due to separation are a minimum when the total 
included angle of divergence of the diffuser is between 6 
and 9 degrees. However, this is for the single Venturi. 
With the low pressure region created by the secondary Ven-
turi at the exit cone of the primary Venturi, somewhat 
higher divergent angles may be used in both. 
In order to determine the optimum configuration as 
accurately as possible, a model of the double Yenturi ar-
rangement was desirable whose Yenturis were easy to con-
struct and simple to arrange in various combinations. A 
two-dimensional model tunnel was decided upon. The Ventu-
ris were nothing more than two short span airfoils placed 
opposite each other so as to form a converging and diverg-
ing passage. The data from this model could not be applied 
to the full-scale Venturi tunnel, but it would give an accu-
rate indication of what to expect from the three-dimensional 
arrangement. In order to reproduce the full-scale Yenturi 
tunnel an 8 inch duct was used with the three-dimensional 
double Venturi system placed inside. Results taken from the 
Hunsaker, J. C , and Eightmire, B. G-., Engineering 
Applications of Fluid Mechanics, McGraw-Hill Book Company7 
New York, p. 151, 194? 
5 
two-dimensional tunnel were used to design Venturis for 
the three-dimensional tunnel. Both tunnels used the 
Georgia Tech 2-1/2 foot wind tunnel as a source of power, 
APPARATUS 
The two-dimensional model tunnel was constructed of 
wood in such a manner that a 3*2 inch by 8.45 inch channel 
was formed. In order to facilitate the changing of config-
urations of the double Venturi arrangement, a one-eighth 
inch plexiglass cover was attached to the legs of the chan-
nel with six holts. The plexiglass cover also permitted 
tuft studies to be made of the different configurations, 
with the idea in mind of determining the type of flow of 
the air around the double Venturi. 
The two-dimensional double Venturis were constructed 
of mahogany from aluminum templates. Essentially, they were 
two airfoil sections with a span of 3*2 inches placed in the 
model tunnel with their cambered surfaces facing each other. 
In order to insure the two sections of each Venturi being 
exactly alike, one section was constructed 6.4 inches in span 
and then cut in half to form the necessary two sections, 
A nomenclature system was necessary so that each Ven-
turi was readily distinguishable from the others. From a 
single designation a Venturi of any size may be constructed 
with the same proportions as the models tested in the model 
tunnel. An example is P-38-4.7-5•9-12. The letter P indi-
cates that this particular section was used in the primary 
6 
Venturi. The first set of numerals (38) indicates the 
length of the chord of the Venturi section expressed as 
a percentage of the tunnel height. The second set (4.7) 
expresses the maximum thickness as a percentage of tunnel 
height, and the third set (5*9), the location of maximum 
thickness behind the leading edge of the Venturi section, 
again as a percentage of the tunnel height. The final 
number indicates the divergence angle for the Venturi sec-
tion expressed in degrees. It should be noted that the 
divergence angle for a Venturi section is one-half the 
total diffuser angle for the assembled Venturi. If the 
designation is followed by the letter M (modified), the 
Venturi section also has a divergence on the outside sur-
face (the surface not in the contracting, diverging pas-
o 
sage). For all Venturi sections this value was 5? • A 
summary of the two dimensional nomenclature system is 
presented below: 
S-115-30.8-20.1-12-M 
S - section used in the secondary Venturi 
113 - length of chord of section, per cent of 
tunnel height 
30.8 - maximum thickness, per cent of tunnel 
height 
20.1 - location of maximum thickness behind the 
leading edge of the section, per cent of 
tunnel height 
12 - divergence angle, degrees 
M - modified section, outside divergence 
angle = 5 
7 
In addition to the Venturi sections designated by 
the above nomenclature system, various combinations em-
ploying a primary and secondary "Venturi composed of thin, 
highly cambered sections were investigated• The results 
using these sections were poor; consequently no further 
investigation was made with these sections. The secondary 
Venturi was composed of sections having 3% camber, 3.6% 
thickness and a chord of 37%. The primary Venturi sec-
tions were 3.6% thick, had a camber of 3% and a chord of 
48%. These sections will hereafter be referred to simply 
as "thin sections11. 
The three-dimensional Venturis, being circular in 
shape, were constructed in a much different and more dif-
ficult manner. Again they were constructed of mahogany 
(laminated), but turned on a lathe to the dimensions spec-
ified. The nomenclature system was somewhat simpler than 
that used with the two-dimensional Venturis. Since each 
Venturi could obviously have only one throat diameter, 
this dimension fixed the maximum thickness of the section 
used, holding the outside diameter constant. Also only 
one divergence angle was possible with each Venturi. Con-
sequently, by giving the throat diameter, divergence angle, 
outside diameter, and stating whether or not the section 
employs the divergence on the outside of the Venturi (as 
indicated by "modified*, two-dimensional Venturi), a three-
dimensional Venturi may be reproduced with the same propor-
tions as the model. 
8 
An example follows: 
P-22-45-7-M5 
P - Venturi used in the primary position 
22 - throat diameter, per cent of tunnel 
diameter 
45 - maximum outside diameter, per cent of 
tunnel diameter 
7 - divergence angle 
M^ - "modified11, 5° outside divergence 
The Venturis, both two and three-dimensional, were 
finished with four to six coats of clear lacquer to insure 
a smooth surface* 
At this point, some attention should be directed to 
each part or portion peculiar to every Venturi* The Ven-
turi consists of an entrance, throat and diffuser, with each 
demanding special consideration. The entrance increases the 
velocity of the air stream to a value somewhat higher than 
that before entering the Venturi* It performs with the 
highest efficiency when the velocity is increased uniformly 
with a corresponding uniform drop in static pressure. This 
process is often referred to as monotonic. If the velocity 
does not increase monotonically, an adverse pressure gradi-
ent is created, thereby causing separation in the boundary 
layer. The question now arises as to what shape entrance 
9 
will yield this type flow* M. S. ICisenko of the Central-
Hydrodynamical Institute at Moscow, U.S.S.R., states : 
aThe only requirement for this part of 
the nozzle (entrance) is that it should be 
carefully rounded and that it should assure 
a smooth flow of gases. The smoothing curve 
is chosen on an intuitive basis.n 
His investigations were carried out at supersonic as well 
as subsonic velocities. Hsue-Shen Tsien , of the Califor-
nia Institute of Technology, has published a paper giving 
a method to design an entrance section with a monotonic 
7 
velocity increase. Richard Smith and Ghi-Teh Wang in 
another paper have devised a design to give a uniform 
throat speed. The ohoioe of designs would depend upon the 
velocities encountered and the device in which the en-
trance section is to be employed. In the case of the 
model Venturis, only low subsonic velocities were encoun-
tered; consequently Kisenko's advice was followed. How-
ever, in the full scale tunnel very high subsonic and low 
^Kisenko, M. S., Comparative Results of Tests on 
several different Types of Nozzles", National Advisory Com-
mittee for Aeronautics Technical Memorandum No. 1066. 1944. 
pp. 1,10 
Tsien, Hsue-Shen, "On the Design of the Contraction 
Cone for a Wind Tunnel11, Journal of the Aeronautical Sciences, 
Vol. 10, February, W 2 , pp. 68-70 
7 
'Smith, Richard H. and Chi-Teh Wang, "Contracting 
Cones Giving Uniform Throat Speeds1*, Journal of Aeronautical 
Sciences. October, 1944, p. 35& 
10 
supersonic velocities could be encountered; thus one of 
the other more accurate designs should "be applied. 
The throats of the primary and secondary Venturis 
were treated separately. In the primary Venturi the throat 
or straight portion was the test section and was arbitrari-
ly ehosen to be the length of the diameter of the throat. 
o 
Alfred Ritter in his thesis investigated the "Venturi tunnel 
employing a secondary Venturi with a straight portion. His 
opinion was that this portion offered an opportunity for the 
air stream leaving the primary Venturi to mix with that en-
tering the secondary Venturi before the process of diffusion 
was begun. This portion increased the length of the tunnel, 
and in addition there is some doubt as to the necessity of 
the mixing of the two air streams before diffusion, other 
than that which is accomplished with a plain throat. On 
this basis this portion of the secondary Venturi was omitted. 
The diffuser is perhaps the most difficult part to 
analyze, for if it is not correctly designed, a serious loss 
in energy will result, thereby increasing the amount of power 
required to drive the air through the tunnel. The diffuser 
of the Venturi transforms the dynamic pressure gained by 
increased velocity in the throat back to the static pressure 
of the free stream at the exit of the Venturi. The original 
Ritter, Alfred, A Study of the Double Venturi Prin-
ciple in its Application to High Speed Wind Tunnels. TJn.*> 
published mastoids thesis, Georgia Institute of Technology, 
1?4? 
11 
static pressure of the air streaia before entering the Ven-
turi cannot be entirely regained as a result of some of the 
kinetic energy being dissipated into unavailable thermal 
energy due to the viscosity of the air. Part of this ther-
mal energy is a result of the friction between the wall of 
the diffuser and the air* The majority, however, is due to 
the boundary layer separating from the wall creating vorti-
ces or eddies. The magnitude of these vortices is propor-
tional to the angle of divergence. Tests have been carried 
9 
out by Gibson on conic diffusers, with the results ex-
pressed as a proportion of the loss by 
(V ~ V ) 2 
L L 2g 
where K_ is primarily dependent upon the divergent angle, 
but is also a function of the area ratio. He determined that 
the combined effects of friction and vortices were a minimum 
with a total diffuser angle of 7° (divergent angle, 3*5°)• 
However, Vedernikoff , at the Central Aero-Hydrodynamical 
Institute, through investigations with a flat broadening 
channel, concluded that these losses were a minimum when the 
total diffuser angle was 14 (divergent angle, 7 )• He 
9 
Gibson, A. Ht, Hydraulics and Its Application, fourth 
Edition, New York: D. Van Nostrand Co., 1930, p. 93 
Vedernikoff, A. N., An Experimental Investigation of 
the Flow of Air in a Flat Broadening Channel« National Advi-
sory Committee for Aeronautics Technical Memorandum No. 1059, 
1944 
12 
expressed tlie quality X of the diffuser by a ratio 
. .2 2 
where 6 is the loss coefficient in the diffuser. Then 
l/X is the total loss, and a plot of this curve indicates 
a minimum at 14 . The difference between these two inves-
tigations lies in the fact that Gibson1s experiments were 
conducted with conical diffusers and Vedernikofffs inves-
tigation was with a flat, rectangular^sectioned diffuser. 
If the diffuser in the tunnel is conic, then Gibson's re-
sults should be used. For the rectangular diffuser, 
Vedernikofffs analysis is recommended. 
In order to reproduce the conditions existing in a 
full scale tunnel, an 8 inch duct, 36 inches in length, 
was mounted in the %et of the Georgia Tech small wind tun-
nel. Within this duct, the three-dimensional model Venturi 
tunnels were placed and data was recorded from various 
pressure measuring instruments. 
In both the two and three-dimensional model tunnels, 
total head tubes were placed near the exit. For the two-
dimensional tunnel, 8 tubes were spaced 1 inch apart. The 
three-dimensional tunnel had 7 tubes placed 1 inch apart. 
Close to the entrance of the model tunnels was installed a 
pitot-static tube which could be raised or lowered, effec-
tively surveying the section of the tunnel ahead of the 
double Venturi. Located in the geometric center of the 
13 
test section in the primary Venturi was a static pressure 
orifice flush with the surface* 
All pressures were measured with conventional mano-
meters, For the pitot-static tube a micro-manometer was 
employed. A multiple tube manometer measured the total 
head pressures behind the double Venturis Due to the low 
pressures encountered in the test section, a glass tube 
was mounted on a meter stick and placed on a base. The 
reservoir for a micro-manometer served the same purpose 
for this manometer. The arrangement was satisfactory for 
the purpose for which it was intended. 
As was stated before, the Georgia Tech small wind 
tunnel was the source of power to drive the air through 
the Venturi tunnel. 
PROCEDURE 
Investigations of double Venturi arrangements were 
conducted in two and three-dimensional model tunnels. 
Since both tunnels were similar and all measurements were 
taken in the same manner using the same instruments, a 
general description of the procedure will be given at 
this time. It should be understood that it applies to in-
vestigations conducted in both tunnels. 
With each specific configuration, the final informa-
tion was to include the velocity in the model tunnel ahead 
of the double Venturi, the velocity in the test section of 
14 
the primary Venturi, and the total drag of the double Ven-
turi. This data wa3 to be preseated in such a manner that 
a wind tunnel engineer could, for a given velocity increase, 
readily determine the power increase required for his tun-
nel. Dimensionless coefficients appeared to be the most 
convenient solution, 
With the aid of the pitot-static tube ahead of the 
double Yenturi, it was no trouble to determine the velocity 
at that point• The micro-manometer was used to record the 
pressure in millimeters of alcohol. The velocity in the 
test section was, however, not so simple a matter. It would 
have been desirable to place a pitot-statie tube in the test 
section, but it was feared that this object, when placed 
within the small passage of the test section, would have a 
choking effect. The next best solution was followed<, AB. 
assumption was made that the losses in the entrance of the 
primary Venturi were small and could be neglected. Using 
Bernoulli's theorem and this assumption, the velocity in 
the test section could be determined. A derivation of 
Bernoulli's theorem as applied in this case, is presented 
in the Appendix* 
The velocities encountered were low; consequently 
the mass density of the air was assumed to be approximately 
constant throughout the model tunnel. Specifically, the 
total head pressure ahead of the double Venturi and the 
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static pressure in the test section were necessary to compute 
the velocity within the test section* To determine the first 
of these items (total head pressure ahead of the double Ven-
turi), the static pressure tube was disconnected from the 
pitot-static tube* This pressure was then recorded on the 
micro-manometer in millimeters of alcohol« From the orifice 
flush with the surface in the test section, the static pres-
sure was recorded on the manometer, which was constructed of 
a glass tube attached to a meter stick• The pressure was 
then measured in centimeters of alcohol<, 
To determine the total drag of the double Venturi, a 
total head integration across sections of the tunnel both 
ahead of and behind the double Venturi was necessary, To 
obtain the integration across the section ahead of the double 
Venturi, the pitot-static tube was used with only the total 
head pressure lead corrected. It should be recalled that 
the tunnel was constructed allowing the pitot-static tube 
to be raised or lowered through the height of the tunnel, 
However, it was found that the total head across this sec-
tion of the tunnel varied only 2% even for the most adverse 
configurations. The pitot-static tube was then set i inch 
below the top of the tunnel and the value recorded on the 
micro-manometer was then taken as constant across the tunnel 
section. The total head tubes spaced 1 inch apart across 
the tunnel section behind the double Venturi were used to 
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determine the total head integration at this section of the 
model tunnel. The pressures from these tubes were recorded 
on a multiple manometer in inches of alcohol• 
To be reasonably sure that the flow in the model tun-
nels was not excessively turbulent or irregular, several 
dynamic pressure surveys were made at different sections of 
the tunnel without the double Tenturi installed. One such 
survey was conducted approximately 4 inches behind the en-
trance of the model tunnel with the pitot-static tube located 
at this point. Measurements were taken on both center lines 
of the tunnel cross section at every inch. The pressures, as 
measured on the micro-manometer, varied only 2% at the most. 
A similar survey was conducted in the section of the tunnel 
4 inches from the exit* The pressures in this section of 
the tunnel similarly varied only a small amount, but were 
somewhat higher. Due to the growth of the boundary layer 
towards the exit of the tunnel, the effective area became 
smaller, and by the law of continuity, it can easily be sur-
mised that the velocity at this point would be higher. 
In order to reduce the number of variables involved, 
the Venturi models were investigated for only one size of 
test section. The two-dimensional models all had a test 
section of 10 to 1, i. e. 1/10 of the model tunnel height 
(0.845 inches). The three-dimensional models had a test 
section 4.5.5 to 1 or 1/4.55 of the model tunnel height 
(1.76 inches). 
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RESULTS AND DISCUSSION 
It is a well known fact that a low pressure region 
exists in the vicinity of the maximum thickness of an air-
foil section• As the angle of attack relative to the air 
stream is increased, the velocity increases (static pres-
sure decreases) in this region. 
At this point it should be remembered that the pur-
pose of the secondary Venturi is to create a low pressure, 
high velocity region into which the primary Venturi may 
exhaust. In a conventional Venturi this region is created 
simply by contracting a passage; thus, by the law of con-
tinuity, a decrease in area through which the stream passes 
is accompanied by an increase in velocity. Since a two-
dimensional Venturi is composed of two sections resembling 
airfoil sections, an additional gain in velocity could be 
obtained by installing the sections of the secondary Ven-
turi so that the angle of attack (deflection angle) could 
be varied. As the deflection angle is increased, the tot-
al drag is also increased due to the increase in separation 
within the diffuser. 
Investigations were initiated using the sections 
P-28-4.7-5.9-12, S-49-6.5-H.2-div. angle. The position of 
the secondary Venturi was moved about in an attempt to de-
termine the optimum configuration, i. e., highest velocity 
increase for the lowest drag. 
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Final results using these sections are presented in 
Figures 7, 8 and 9* Plots of the total head pressures 
against tunnel station are shown in Figures 16 through 35 • 
Extensive tuft studies were made with both Venturis. With 
the aid of these studies and analysis of the total head 
pressure plots, it was decided that the total drag at a 
divergence angle of 12° was the result of separation in 
"both Venturis, in addition to the always present skin fric-
tion and diffusion losses. The coefficient of drag, C , 
hovered around 0.21 for all configurations except EL - 2.5 
and J! - 0%. The tuft studies indicated that an insufficient 
quantity of air was passing through the slot between the pri-
mary and secondary Venturi. This had the effect of stalling 
the secondary Venturi sections. Figure 24 clearly demon-
strates this point. 
As the divergence angle is increased, separation be-
comes predominant and the total drag increases rapidly. 
Figure 7 is a plot of the coefficient of drag vs. divergence 
angle. The curves in this figure were plotted from data ob-
tained from each configuration, i. e., ratio of throats, K , 
and location of primary Venturi, A. Attention should be 
directed to the similarity between these curves and the para-
bolic shape of corresponding curves for airfoil sections. 
This figure also brings out the fact that a benefit was re-
alized from the high velocity region of the secondary Venturi 
seetion close to the leading edge. The drag curves are 
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parabolic up to a divergence angle of 14.5 to 17 • How-
ever, at this point there is a distinct leveling off due to 
the velocity increasing and moving forwards Figure 8 is a 
plot of velocity ratio, V , against the same abcissa as 
Figure 7« Again there is a distinct leveling off, but it 
is not as pronounced as in the drag curves. The ordinates 
in Figures 7 and 8 are plotted against each other in Figure 
9. The curves of the latter figure would be most useful to 
the wind tunnel engineer* Since he would know the additional 
power available at any velocity in the unaltered tunnel test 
section, the maximum value of C could be easily calculated. 
Then from Figure 9, the maximum velocity increase could be 
determined for each configuration. From either Figure 7 or 
8, the divergence angle could be found for the corresponding 
configuration. For an example, assume that the engineer has 
determined the maximum 0D to be 0.35 fov a velocity of 200 mph, 
then from Figure 9, a maximum velocity ratio of 2.53 corre-
sponds to CD s 0.35. The configuration is K^ - 2.5 and X = 
7.7%. From Figure 7, for Op s 0.35 and the configuration as 
found above, the divergence angle is 16.6°. A velocity in 
the test section of 2.53 x 200 * 560 mph. could be expected. 
The fact having been definitely established that the 
circulation about a Venturi section could be used to an ad-
vantage, it was decided to investigate sections known to pos-
sess circulation of greater magnitude than that of the previous 
sections. Highly cambered airfoils have this quality, but are 
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also accompanied by increased drag* In order to offset the 
latter characteristic, a thin section was employed. The re-
sults, however, did not materialize as anticipated. Figures 
36 through 41 are plots of the total head pressures. Tuft 
studies indicated that separation had begun in the diffuser 
of the primary Venturi for values of the deflection angle 
greater than 0°. As the deflection angle was increased the 
drag rose sharply. For deflection angles above 2.5°, the 
drag was very high and the flow unstable as a result of vor-
tices created in the primary Venturi. Reliable data could 
not be gathered under these conditions; consequently, it was 
deemed inadvisable to attempt to present data similar to 
Figures 7, 8 and 9 for these sections. 
Up to this point the sections P-38-4.7-5.9-12, S-49-
6.3-11.2-12 had given the best results. In an attempt to 
reduce the losses due to separation, the diffuser angle of 
the primary Venturi was reduced to 14° (divergence angle for 
each section 7°). The problem that confronted Ritter, i. e., 
the prohibitive length of the double Venturi, was now becom-
ing evident in this investigation. In order to shorten the 
length, yet still incorporate a small divergence angle, a 
similar divergence was placed on the outside of each section. 
With the velocity increasing over the outside of the primary 
Venturi due to the effect of the secondary Venturi, no ad-
verse pressure gradient could develop. A primary Venturi 
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composed of sections with these characteristics (P-40-5.6-
5«9-7~M) was constructed and investigated with the second-
ary Venturi used in previous experiments (8-49-6.5-11.2-12)• 
The modified primary Venturi had approximately the same 
dimensions as the previous one; consequently, the data from 
the two could be compared and the advantage, if any, of this 
section could be determined. Figures 42 through 45 are 
plots of the total head pressures, -analysis of these fig-
ures indicated that the diffusion losses had been reduced 
as noted by the increased total head pressures in the cen-
ter of the tunnel. The velocity ratios were also increased 
appreciably (approximately 15% over the unmodified section). 
Tufts were placed on the outside surfaces of the modified 
section in order to determine the type of flow over this 
portion. As was anticipated, no separation was involved. 
Since the total drag had been reduced by reducing 
the diffuser angle of the primary Yenturi, it was felt that 
a similar reduction would result from a smaller diffuser 
angle in the secondary Yenturi. Again the problem of ex-
cessive length was encountered. To reduce this dimension, 
a divergence was also placed on the outside of the Yenturi. 
The section S-76-11.4-17«8-7-^I was constructed with these 
characteristics and investigated with the modified primary 
Yenturi P-40-5.6-5.9-7-M. From the plot of total head pres-
sures, Figure 46, it is noticed that the drag has again been 
reduced. However, the tufts on the outside surface of the 
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secondary Venturi indicated that some separation was occur-
ing, i. e., the 5° divergence angle resulted in too rapid 
an expansion. 
Two points should he stressed at this time; (l) an 
advantage is gained from the circulation about a Venturi 
section at the higher deflection angles, but it is also 
accompanied by a rapidly increasing drag due to separation, 
(2) the modified section gives less drag due to separation 
as a result of smaller diffuser angles. 
From the results of investigations with the previous 
Venturis, it appeared necessary to increase the contraction 
ratio in order to obtain higher velocity ratios. Sections 
were constructed for new Venturis with greater thickness 
and the same charecteristies of the modified sections (P-76-
11.4-17.8-7-M, 3-115-30.8-20.1-7-M). Investigations with 
these sections were rather extensive and included a deter-
mination of the effects of varying the secondary throat 
height, enlarging the diffuser angle from 14 to 24 degrees 
and varying the position of the prima^ Venturi horizontally. 
The results are plotted in Figures 10 through 12 and 47 
through 64. analysis of the total head pressure plots in-
dicated that for a narrow slot between the primary and sec-
ondary Venturis, (small K^), insufficient air is allowed to 
pass and the separation from both diffusers is bad, as shown 
in Figures 47, 48, 53, etc. As the diffuser angle is in-
creased from 14 to 19 degrees, the drag, hence the separation, 
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remains fairly constant, but upon increasing the angle 
further, the drag increases rather rapidly (Figure 10). 
To the contrary, (Figure 11), as the diffuser angle is 
increased from 14 to 18 decrees, the velocity ratio de-
creases, but increases beyond this point. Figure 12 is 
a plot of C^ versus V^ and would be of most value to the 
tunnel engineer. Figures 10, 11 and 12 are similar to 
7, 8 and 9 and could be used in a similar manner. An in-
teresting development noticed in figure 12 is that at 7° 
divergence, (14° diffuser angle), a value of \ m Q% gave 
the best results. As the divergence angle was increased, 
however, the best value of \ became smaller. 
During the early stages of this investigation, it 
was felt that Venturis composed of thin, highly cambered 
sections would yield satisfactory, if not superior results; 
consequently, construction was begun on three-dimensional 
Venturis employing this type of section. After investigations 
with the two-dimensional models, however, it became evident 
that this section would produce disappointing results. 
Construction had progressed so far that it was decided 
to complete them. Investigations, however, confirmed 
suspicions that the three-dimensional models would produce 
no better results than the two-dimensional Venturis. Se-
paration, was so extensive that it was difficult to collect 
data. Pressures on all manometers fluctuated profusely. 
Since the accuracy of the data collected from these Venturis 
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was questionable, the results of these experiments are lot 
presented. 
As was stated previously, the results obtained with 
the two-dimensional models would be used to design the three-
diuierisional models. Figures 7, 3, and 9 could be used to de-
sign Venturis to yield a velocity ratio between 2.5 and 3«0. 
For higher values figures 10, 11, and 12 must be used. 
In the design of a three-dimensional double Venturi, 
the contraction ratio, throat diameter ratio, and the dif-
fuser angle are the most important parameters. Obviously, 
the largest contraction ratio possible is desirable without 
the overall length becoming excessive. From figure 12, the 
lowest drag occurs at a velocity ratio of approximately 2.58, 
the configuration being Krn=a3«5 and f-3»5f*« From figure 
11, for a velocity ratio of 3*58, the divergence angle for 
o 
the section was 10.15 . The primary Venturi in all instances 
M O 
employed a diffuser angle of 14 . From this information and 
the knowledge that a 5° outside divergence on the secondary 
Venturi was excessive, the three-dimensional double Venturi 
was designed. When the new Venturis were completed (P-22-45-
7-M5, S-37.5-75-10-JV13), the only parameter that could be 
varied was the position of the primary Venturi relative to 
the secondary. Figures 65 through 69 present the total head 
pressure vs. tunnel diameter, and figures 13, 14, and 15 are 
plots of the dimensionless coefficients CL. and V„ against X 
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.analysis of the total pressure plots indicates that there 
was no separation in the d iff user of the primary Venturis 
To determine the amount of total drag due to separation in 
the secondary Venturi, the drag due to skin friction was 
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calculated from formulae and charts presented by Binder « 
To be on the conservative side, skin friction coefficients 
for turbulent flow were chosen, .average velocities over each 
surface of both Venturis were used in calculating Reynolds 
Number. The final figure indicated that approximately A-0% 
of the total drag was due to skin friction. 
The results of the previous experiments have been pre-
sented without regard to the effects of Reynolds Number or 
compressibility. The effects of compressibility have been 
neglected due to the low velocities encountered (from j>0 mph 
to 220 mph). Within this range this assumption is valid; 
however, in the full scale tunnel the velocities may approach 
a Mach number of unity. Its effect on the drag of the system 
will be negligible, but it is hard to predict what the effect 
on the velocity ratio would be. 
In order for the data from a model to be accurately 
applied to the full scale object, the flow about both must 
be dynamically similar. The criterion for this situation is 
Reynolds Number, which is a ratio of the mass forces to the 
Binder, R. C , Fluid Mechanics. New York: Prentice-
Hall, Inc., 1943, pp. 13b, 139. 
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viscous forces. At low Reynolds Number the viscous forces are 
predominate, and at high Reynolds Number, the mass forces. 
From this discussion it can be seen that Reynolds Number would 
have only a small effect on the velocity ratio, but a large 
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effect on the total drag. Jacobs and Sherman ' made an exten-
sive investigation in the NACA Variable Density Uind Tunnel 
on airfoil sections with the view in mind of determining the 
effects of this criterion on the different performance para-
meters. Using the values of Reynolds Number for the models 
(100,000) and the full scale Yenturi (4,000,000), the drag 
for various airfoil sections as presented by Jacobs and Sher-
man was reduced 50% to 65f=>. No indication was given as to the 
extent of separation. The drag caused by this factor is not 
as severely affected by an increase in Reynolds Number as 
slcin friction drag. A reasonable assumption would then be 
that the skin friction drag, as calculated by suitable for-
mulae, is reduced 6ol and the remaining drag (separation and 
diffusion) is reduced 20%. 
^Jacobs, E. H., and JL* Sherman, "Airfoil Section Char-
acteristics as Affected by Variation of the Reynolds Number," 
National Advisory Committee for Aeronautics Technical Report 
No. 586, 1936. 
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THEORY 
With the large number of variables involved in a 
double Venturi system, it would be difficult to present a 
complete analytical analysis of the system. To reduce this 
number of variables, several phases of the process may be 
isolated. 
The engineer interested in the double Venturi wind 
tunnel would know the velocity increase desired. Starting 
at the test section, the volume through the test section is 
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The loss through the primary Venturi appears at the 
exit of the primary Venturi as a drop in static pressure, 
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i.e. the static pressure recovery at the exit is somewhat 
lower than that expected if there were no losses. In or-
der for the primary Venturi to produce the required veloc-
ity increase, the secondary Venturi must produce a drop in 
static pressure equal to the total losses through the pri-
mary Venturi. This is accomplished by an increase in veloc-
ity. 
The losses in the entrance a*id test section have 
been considered negligible. The losses in the diffuser, if 
14 
there is no separation, are found from , 
where, 
kp»drop in static pressure 
<3 = dynamic pressure in the test section 
cC =total diffuser angle 
°» -diameter of test section 
^z =diameter of exit 
^ -skin friction coefficient. 
Using Bernoulli's Theorem, the pressure necessary at 
the exit to produce the required velocity increase is, 
14 
Pope, Alan T., Mji rp""nft1 laa&ilg, Hew York: John 
Wiley and Sons, Inc., 1947, pp. 62-67 
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CPat 4- P.) + | V,"- CPat + Pz) + if V2
Z + L P 
P ^ - ^ P + h - l K ' - V , 1 ) (4) 4 1 
Since p2 is tiie pressure necessary at the exit, then 
it is also the pressure that the secondary Venturi must pro-
duce; therefore 
Pz=P* 
Assuming no losses in the entrance of the secondary 
Venturi, 
CPa* + ftO + 1 ^ = C&t*PO +{ v3
2 
but since 
C R * + P o > | V o * * (Pa< + ho") 
_£ 
1 ( P a * + P O + | V s
7 a (p a * 4-ho") 
V a = -^z_CKo-PO 
3 ~ ' /"' (5) 
and substituting p ^ P * , and equation (4), 
*-i 2Chnv^P-P. »%<*«*-*.*)J 
-i 2dKo-P.> » /"C^-vQ + g&l' / . (6) 
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The velocity V^ is composed of several components 
which makes it a rather complex quantity to compute• The 
blocking effect, i.e. the constriction of area through 
which the air stream may pass, produces an increase. The 
secondary Venturi section resembles an airfoil section; 
consequently circulation has a sizeable effect. The vor-
tex (circulation) center of the primary Venturi sections 
is located a relatively large distance from the point in 
question; therefore its effect may be neglected. The 
velocity at the minimum section of the secondary Venturi 
is then, 
v . - ££•_ •_y 
* , - » , * v r , (?) 
where 
^& «blocking area of secondary Venturi 
^r "induced velocity resulting from 
circulation about the secondary 
Venturi section. 
The quantity Vr is a function of the dimensions of 
the Venturi system, 
v r - < r . (8) 
The circulation T may be found using the expression 
c Ct CVo-t-Vft") 
r & z (?) 
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where 
c -chord of the section 
-̂Jl =• section lift coefficient 
*a =velocity due to blocking alone, 
The lift coefficient C\may ^e evaluated by thin air-
foil theory and assuming the slope of the lift curve to be 
2 1T. This last assumption of course is not entirely correct 
and the amount of error will have to be determined by fur-
ther investigations. 
The factor K. must be evaluated by use of the Biot-
Savart law, i.e. the induced velocity due to a line vortex 
is. 
r Vr %lfh (Co^G* f C m e i ) (10) 
FKOUT View SIDE- VICAV 
Therefore the quantity K, is, 
K=4lfK (eo*©. + cos©0 ( ID 
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The method of computing K. is different for the two 
and three dimensional cases. An explanation of each fol-
lows. 
Two Dimensions 
^ l O E \H fcW 
TUUIOEW. 
W ^ L L \ 
N ^ ~ " ~ * ^ : 
i^fc/VK v i e w 
The vortex center is placed at the point of maxi-
mum thickness which is approximately the quarter chord 
point. The point in question is located at the exit of 
the primary Venturi. It can be seen that K. will vary a-
cross X . The maximum value will occur at the center and 
and the mimimum will be at the walls. An average of the 
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SIDE- V I E W KfcM? V/lfcW 
The exact solution for the effect of a vortex ring 
is complicated and arduous in solution. An approximate 
solution is to replace the vortex ring with a series of 
vortex lines. The greater number of vortex lines, the 
greater will be the accuracy of the answer. A hexagon will 
suffice in our case. 
VORTEX KIWG 
The effect of each segment of the hexagon may be 
found by use of the Biot-Savart law. The effect of the 
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hexagon is then the sum of the effects of the segments* The 
total effect at only one point need be found as it is the 
same at any point on any one circle. 
For clarification of the analysis, an example is pre-
sented and compared with data taken from the three dimen-
sional model double Venturi. 
Primary Yenturi 
The various physical and air stream characteristics 
associated with the primary Yenturi are: 
4 =• contraction ratio 
14 s diffuser angle, <C 
•0135- skin friction coefficient, A 
77*9= free stream velocity, VQ , ft./sec. 
.0717= area of entrance, A 0 » sq, ft. 
•0169=* area of test section, Av , sq. ft. 
.0341* area of exit, A z , sq. ft. 
2.79= static pressure at entrance, above 
atmospheric pressure, p 0 , #/sq. ft. 
9.45= free stream total head pressure, 
above atmospheric pressure, h 0 , #/sq. ft. 
The desired velocity in the test section is, 
V,--i29.0 p!>Uc . 
From equation (2), the velocity at the exit of the 
primary Yenturi is, 
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- A^V, fo.ot<y=>X^s.cO 
V 2 * " " j ^ ~ CO. O a > 4 0 
55 JrfS^.O *?. / , *»«,c 
^P B «. [TH^T * afc *w €!['- F*J 
The losses in the diffuser are, from equation (3), 
« Z 9 4 L.*./•*<*- *̂r-
The pressure at the exit neccessary to produce the 
desired velocity increase is from equation (4), 
p*--&P + p, - | (^-Vi^ 
- -794 4 p, - CS^2^ [(J6̂ 0)Z-- U«.O^J" 
- P, +81.66 
The assumption that no losses occur in the entrance 
of the primary Venturi and Bernoulli's Theorem may be used 
to compute p^, 
(Pa* +p^+|Vo* = (p*+ +P0 +f V,2-
p.» po-^ W V ) 
* -/OS. 41 i^./^. •* . 
From the equation for pg and th i s value of p l f the 
value of p2 i s , 
Pz = P, + ftl.66> 
^ — "Z.7, 7 ^ 4-*^^/-,^ .>=-. • 
Since p2=.pz, this is the pressure the secondary 
Venturi must produce• The velocity V? is then found from 
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equation (5) , 
'xtKfe-pO 
£  
'Z (^.4.5 + Z7.7S) 
o.oozz 
=* I&A..O p r A e c 
-t 
At this point, the problem is to design a secondary 
Venturi that will develop this velocity in the throat• There 
is no direct method of designing such a Venturi. The pro-
cess involves the choice of a configuration and working 
through the computations to find if that configuration gives 
the necessary velocity. If not, then the procedure is re-
peated until the correct configuration is found. The gen-
eral procedure is as shown below. 
Secondary Venturi 
The velocity increase due to blocking may easily be 
computed from the projected area of the Venturi normal to 
the air stream, 
K ^ - J O o - J^r* = 0.10* «>Q,̂ . 
where, Do =. outside diameter of secondary 
Venturi 
^r «• throat diameter of secondary 
Venturi 
therefore, 
C V* * Vo ) = -^x = I lo. o *<. /v^c, 
The component of V, due to circulation about the 
secondary Venturi, Vf , is computed by use of the Biot-
Savart law. 
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The vortex ring is broken down into a hexagon as 
discussed previously and the effect of each segment is 
determined. In as much as the hexagon is symmetrical, the 
effect of only half the figure need be found. The total 
effect at a point A is then twice this value. Sample cal-
culations of the effect of a vortex ring are shown below. 
Segment 1: ©, =90° 
Q2=30° 
K =0.62 in. 
Substituting these values in the proper equation, 
the value of l( for this segment may be determined. 
* = 4k (co% e' +- co<b eO 
= 1.3^6 
Following the same procedure, the effects of the re< 
maining segments are: 
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Segment 2; K* a 6 6 1 
Segment 3: ]</ - o .Z4^ 
Segment 4: ^ - 0 . 0 9 4 7 
Then the to ta l 1̂  would be, 
707^ K, « x C^ON\ ©* K O 
=, Z £ Z , ^ 7 ) 
= 4 - 6 7 4 . 
In order to compute the magnitude of the circulation, 
the section lift coefficient, Cj, must be determined* This 
is accomplished with the aid of thin airfoil theory• The 
procedure is lengthy and will not be shown• For our section 
the value of Gj is 0,»4« The circulation is then from equa-
tion (9), 
c Csj (Vo^Vft) 
-z 
The component due to circulation is then, 
* 70. (r> *7 A«c. p 
The total velocity produced by the secondary Venturi 
at the exit of the primary Venturi is, 
V3 ^ (V*+ v*0 + Vi-
es. i HO. £» ^//s^^ 
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This value is slightly less than necessary (184.0 
ft./sec); consequently the velocity in the test section 
should he lower than expected. A comparison of values 
found using this theory and those found from investiga-
tions with the three dimensional models brings this point 
out. 
Theory Models 
T - 7 7 . 9 f t . / s ec . T • 77.9 f t . / s e c . 
T = 329.0 f t . / s ec . V « 321.6 f t . / s e c . 
V =• 163.0 f t . / s ec . t = 160.5 f t . / s e c . 
V, =r 184.0 f t . / s e c . V, =r 180.6 f t . / s e c . 
3 3 
This theory is valid only if no separation is pres-
ent in the diffuser of the primary Venturi. The slot be-
tween the exit of the primary Venturi and the throat of the 
secondary Venturi must be sufficiently large enough to per-
mit the diffuser of the secondary Venturi to function prop-
erly. The minimum value for this characteristic is not 




Unless specifically specified, conclusions apply to 
both two and three-dimensional Venturis. 
(1) The double Venturi wind tunnel may be employed suc-
cessfully without an excessive increase in power required. 
(2) A velocity increase of 3 to 3.5 may be expected 
from a two-dimensional double Venturi and 4 to 4.5 from the 
three-dimensional double Venturi, 
(5) The diffuser of the two-dimensional primary 
Venturi may be a maximum of 14° without creating separation. 
(4) The diffuser of the three-dimensional primary 
Venturi should be 14° for no separation, but it is possible 
to approach 20° without the resulting drag becoming excessive. 
(5) Divergence on the outside of both Venturis is 
permissible, preferably 5° for the primary and 3° for the 
secondary. 
(6) The exit of the orimary Venturi should be 
slightly forward of the throat of the secondary Venturi. 
(7) As the ratio of throats, I0p, decreases, the 
velocity ratio, Vp, Increases up to the point where in-
sufficient air is allowed to pass through the slot to 
keep the secondary Venturi from stalling. 
(8) The increase in Reynolds Number with the full 
scale tunnel would reduce the drag due to skin friction by 
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FOKMGLAE AND SAMPLE CALCULATIONS 
Velocity in Model Tunnel Ahead of the Double Venturi 
q ~ -*- /" v~z 
*a 2. * <» v ° 
W>-A/?5I ^yO? ; /t -/? -/* 
zq* * s ^ ftf alcokot >s £2.4 lU/fl' 
^ K. 2-5,4 «tin\/m x i z >t\/£t 
Velocity in Test Section of Primary Venturi 
Bernoulli's Theorem, 
P« +-k /%v»z - P. -t-i /? ^ - «***»*"* 
P«+<?o = P. +*?, 
as applied to tlie double Venturi arrangement is, 
iev*-- tP** + hS- tr-n-P^ 
= Ko - p. 
- f ( h o - P ^ 
Drag of the Double Venturi 
/ i u A - A t « U - k 
Graphic integration of the above quantities 
is the simplest of solutions. The procedure of de-
*5 
termining the drag is as follows: 
Plot the values of total head pressures 
vs. tunnel height for sections ( ) and ( )2o 
Using a planimeter, integrate the TJwo curves* 
The difference of the two values multiplied 
by the tunnel width gives the drag in pounds* 
L_ b * ̂  °* alcot^ *> ̂ 2'4 M 4 4 * 
^ 2S.4 mm/in K IZ I*\/£* 
Dimensionless Coefficients 
— — — — — — ^ — ii i i i in 1 1 1 — — — i 
V -^velocity ratio Ii 
C_ =coefficient of drag of double Venturi 
- !Sz ~? i/o 5 \ 
Calculation of Power Required for Double Venturi 
Calculations will be based on the dimensions of the 
nine foot wind tunnel at the Georgia Institute of Technol-
ogy. Results from the three-dimensional investigation will 
be utilized. 
Primary Venturi, P-22-45-7-M5: 
throat diameter =-(.22)(9ft.) = 2 ft. 
maximum outside diameter a(.45)(9ft.) -4.05 ft. 
diffuser angle » 2(7°) ̂ 14° 
o 
outside divergence angle =-5 
Secondary Venturi, S-37.5-75-10-M3: 
46 
throat diameter - (.375)t9tt.) = 3.8 ft. 
maximum outside diameter =• (• 75) (9ft•) 
~6.75 ft. 
diffuser angle- 2(10°) = 20° 
o 
outside divergence angle -3 
In most instances, the wind tunnel engineer will 
want the highest possible velocity ratio, V„. This of 
course, will depend on the amount of power available in 
his tunnel. For our purposes, we will assume that a ve* 
locity ratio of 4 is desired* 
From Figure 14, the location of the primary Ven*-
turi is 1*61, 
From Figure 13, the coefficient of drag 0 , is 
0.344 for 1=6%. From, 
b* C f> £ v„ \ 
where, 
Co-0,344 
r -=0.0022, average Atlanta density 
ĥ -130 mph, maximum velocity of the 9 
foot wind tunnel 
•̂  =!-63«6 ft*, cross^sectional area of 
wind tunnel, 
the drag of the double Venturi may be calculated. 
Substituting the correct values in the drag equa-
tion, 
D = 1165 lbs. :. U P , ^ - ££ itm^ ' Ahh 
47 
The velocity in the test section is, 
V, =V^VU •« A'O* jSO iv̂ y. - 6>OOKIV\>^ 
The Mach number in the test section is found using, 
X 
- I , * . , * „ , /? 1 T ~ 
o _ vs-v* 1=1. 2 i r • 
-2. ' V Po 
assuming t h a t , 
Po =2000 l b s . / f t ? 
If * 1.4 
/£ ̂ =0.0022 slugs/ft? 
and inserting known values, 
p, =* IhSO l k s / f + z 
,, "AH 
P« LTi 
& mf J*l ' 
/ « 
" ft = IJV\ */j-l 
Again inse r t ing known values , 
T, = 55° f - = -SV^ *K 
^ 7S& m^k 
- M „ ^L = 6 ° ° 2 ^ » 0 . 79"Z-
FIG. I PRESSURE MEASURING INSTRUMENTS 
^O 





FIG.3 THREE DIMENSIONAL MODEL TUNNEL 
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